The photoproduction of dihydrogen (H 2 ) by a low molecular weight analogue of the active site of [NiFe] 
Introduction
The development of efficient catalysts for the light-driven production of dihydrogen (H 2 ) is a significant challenge in the development of the hydrogen economy, 1 and much attention has focused on the development of efficient catalysts for the light-induced splitting of H 2 O into H 2 and O 2 . 2 The conversion of H 2 O to H 2 using solar energy can be a complex, multi-step and multielectron process involving charge separation and bond breaking and formation. 3 Systems containing light absorbing units, electron relays and redox catalysts have been targeted to overcome these chemical challenges, and have led to the development of the three component system. 4 Traditionally, these systems consist of a photosensitiser, an electron mediator (usually methyl viologen [MV 2+ ]) and a homogeneous or heterogeneous metal, that catalyses the reduction of protons to H 2 . In addition, a sacrificial electron donor, such as an amine that may be oxidised readily, injects electrons into the system to complete the catalytic cycle. In recent years, efforts have progressed towards the development of a range of homogeneous catalysts, containing
Co, Pt, Pd, Rh, Fe and Ni 2a,2c,2d centres where the reaction mechanism of proton reduction may be investigated more readily than in heterogeneous catalysts.
The nature of the active sites of the [NiFe] and [FeFe] hydrogenases 5 have inspired the synthesis of low molecular weight complexes that replicate the structural, spectroscopic, and functional aspects of these centres, 6 and that may act as in vitro catalysts for H 2 production. While the majority of these compounds have focused on the replication of the features of the active sites of the [FeFe] hydrogenases, 7 we have focused our attention on the preparation of analogues of the active sites of the [NiFe] hydrogenases (Scheme 1); 8 the [NiFe] hydrogenases are 10-10 2 times less active towards H 2 production, but show a higher affinity for H 2 , and are less sensitive to dioxygen and to deactivation by carbon monoxide when compared to their [FeFe] counterparts.
7-9
We have reported previously an electrocatalytically-active heteronuclear [NiFe 2 ] cluster as an analogue of the active site of the [NiFe] hydrogenases (1, Scheme 1). 10 Upon electrochemical 6 ], L 2− = (CH 3 C 6 H 3 S 2 ) 2 (CH 2 ) 3 ) 10 and (c) a proposed mechanism for the light-driven electron transfer to 1 using [ReCl(CO) 3 (bpy)] as a photosensitiser and NEt 3 as a sacrificial electron donor.
Intermolecular electron transfer to analogues of the active sites of the [FeFe] hydrogenases, [Fe 2 (CO) 4 
as an electron donor (for X = (μ-SCH 2 ) 2 CH 2 or (μ-SCH 2 ) 2 NCH 2 C 6 H 5 , L 1 = L 2 = CO) 13 and the evolution of H 2 occurs when ascorbic acid is used as both electron donor and proton source (for X = (μ-SCH 2 ) 2 NCH 2 C 6 H 5, L 1 = L 2 = P(Pyr) 3 or L 1 = CO L 2 = P(Pyr) 3 , Pyr = N-pyrrolyl). 14 Laser Flash Photolysis: Nanosecond and picosecond time-resolved infared (TRIR) spectra were obtained using purpose-built equipment based on a pump-probe approach.
Details of the equipment and methods used for the TRIR studies have been described previously, 24 was analyzed automatically every 4.5 min using a gas chromatograph (Shimadzu 2014) with a thermal conductivity detector operating at 50 °C . The sample was initially passed through a pre-column (silica) to remove any condensable solvents, which were subsequently back flushed away to vent prior to the next measurement. Ar was used as the carrier gas and H 2 was detected on an activated molecular sieve column (Shimadzu, CTR-1).
The H 2 detection was calibrated by dosing the system with known concentrations of H 2 using a 6 port 2 position switch (VICI). H 2 (Air Products, Premier Plus) at 29.5 psi was used to fill a 5 µL loop and subsequently switched into the Ar flow (10 cm 3 min −1 ) at 14.5 psi.
Using the difference in H 2 density between the sample loop and the Ar flow at 293 K, and the switching repeat time (2-30 s), the molar dosing rate of H 2 could be calculated. For low dosing rates (< 2.5 x 10 −8 mol min −1 ) 5% H 2 in Ar (BOC, Special Gases) was used, the extra Ar was accounted for by a reduction of the Ar flow at the mass flow controller. When H 2 was dosed at a constant rate this gave a constant peak area in the chromatogram, varying this flow gave linear fits with the peak area. At a constant H 2 flow rate (2.2 x 10 −8 mol min −1 ) the peak area also varied linearly with the Ar flow. Integration of a plot of the production rate versus time yields the total amount of H 2 produced.
Irradiation was performed using a Xe arc lamp (Oriel Instruments) operated at 250 W that illuminates an area of 3 cm 2 . The emitted light collimated and filtered using a 2.5 cm water filter and a λ < 420 nm Pyrex cut-off filter before it illuminates the custom built cuvette (Helma Analytics, 221-BF).
DFT Calculations: Optimised geometries and frequencies were calculated using the QChem quantum-chemical software package. 25 The PBE0 exchange-correlation functional was used 26 together with the triple-ζ quality Stuttgart relativistic small core pseudopotential and basis set combination for Fe and Ni atoms, 27 and the 6-311G(d) basis 9 set for atoms H, C, O and S. 28 The default SG-1 numerical integration grid was used for evaluation of the exchange-correlation energy in order to make the calculations more computationally tractable. 29 Calculations involving the neutral and anionic species were performed using restricted and unrestricted DFT, respectively. 
Results and Discusion

Photoinduced electron transfer between NEt
DFT Calculations:
We have performed density functional theory (DFT) geometry 20 optimisations and harmonic frequency calculations to provide theoretical models for 1 and its reduced forms, 1a
•− and 1b •− . We were able to determine two minimum energy geometries for the one-electron reduced state and one for the neutral species. The geometries for the experimental and calculated frequencies and the experimental FTIR spectra of 1, 1a
•− and 1b •− are shown in Table 1 and Figure 6 . The atom labelling schemes for 1, 1a
•− and 1b •− are shown in Figures S5-S8 . Table 1 . Photochemical FTIR ν(CO) data in CH 3 CN, CH 2 Cl 2 and DMF and scaled harmonic frequencies, of species relating to 1.
reproduce the principal features of the bonding, we note that differences between the calculated and experimental ν(CO) (see below) may reflect the greater semi-bridging character of the CO ligands defined by atoms C(3) and C(4) in the calculated gas phase structure relative to the experimental geometry.
The calculated geometry of 1a •− is very similar to that calculated for 1, and is, therefore, entirely consistent with previous assignments of the one-electron reduced [NiFe 2 ] species. Theoretical infrared spectra and frequencies (1.011 scaling factor, Figure 6 and Table 1 can be monitored in the ν(CO) region of the IR spectrum via the growth of 1a has probed the intermediates throughout the photochemical reduction of 1 (Figure 8 ). Once reduced, FTIR spectroscopy has proved a valuable method in studying the fate of 1a 
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